In this review, we introduce the production methods and applications of carbon nano- We will also describe effective purification methods that avoid structural damage, and discuss the electrochemical, composite, and medical applications of carbon nanotubes.
Introduction
After 30 years from their first synthesis by Endo in 1976 1) and 15 years from their detailed structural characterization by Iijima in 1991, 2) carbon nanotubes have grown from a material of dreams to a "real-world" material that has already found its application fields.
The production capability for carbon nanotubes is growing every year in an exponential degree, and as a consequence the price is steeply descending. This is leading to even more use of carbon nanotubes in various fields, such as composites, energy devices, electronic applications, and medical applications, to list a few.
For novel applications of carbon nanotubes, the control of diameter, chirality, the number of layers and purity is crucial.
However, at the moment, there is almost no control over these factors. Therefore, we need to address these issues to bring out the inherent potential of carbon nanotubes in full.
In this article, we will provide an overview of the preparation of carbon nanotubes and nanofibers via catalytic chemical vapor deposition methods, which are used for controlling the diameter and number of layers of carbon nanotubes. Finally, we will explore the major applications of various types of carbon nanotubes.
Methods of Preparing Carbon Nanotube: Historical View
The initial catalytic chemical vapor deposition (CCVD) method for producing carbon nanotube developed by Endo was a so-called seeding method. 1) In this method, the substrate, dispersed with small metal catalysts such as iron particles, was set into the hotspot of the furnace under a constant flow of hydrocarbon such as benzene and hydrogen and argon mixture gas (Fig. 1) .
The temperature of the furnace was around 1000ºC, and the fibrous materials grew on the surface of the substrate from the iron particle. The obtained fibrous carbon material had the carbon nanotube in the core, and deposited carbons on it (Fig. 2) . The diameter of the fibrous carbon was several micrometers and the length was up to several centimeters. The metal catalyst particle was found in the core of the nanotube, proving that carbon nanotube growth started from the catalyst particle.
Moreover, the catalyst particles were located at the tip of the tube. From these results, Endo proposed the tip-growth model of carbon nanotube. As shown in Fig. 3 , carbon is supplied to the catalyst particle, and when the carbon is saturated, it starts to form the tubular carbon structure by using the spherical catalyst particle as a template. This growth lifts the catalyst particle upwards resulting in the image shown in the figure. We have to note that whatever the growth model is, be it tip growth or root growth, the catalyst particle is the starting point of the growth of carbon nanotubes in the CCVD process.
Due to the strong demand for this carbon nanotube in the market, Endo had to develop a continuous growth process of carbon nanotube, since the seeding method described above was a non-continuous method, and was unsuitable for industry-scale production.
After a while, Endo managed to develop the continuous method called the floating reactant method. 3) This method makes use of a vertical furnace, in which the metal catalyst, carbon source, and gases are fed from the top end of the furnace (Fig. 4) . While the catalyst particles are floating, gradually falling inside the furnace, the tube growth and carbon deposition processes occur. This, at the bottom end of the furnace, results in the carbon nanotubes. This method was very effective for the volume production of carbon nanotubes, and the quality of the product was high as well.
This production system is now used in a Japanese company and their carbon nanotubes are widely available in the market.
In a catalytic CVD process, we cannot get rid of catalysts while producing carbon nanotubes. Therefore, depending on the application of the fibers, the catalysts must be removed after the synthesis. There are many ways to remove the catalysts, such as high-temperature heat treatment or acid washing. [4] [5] [6] Heat treatment was carried out in a high-temperature furnace at around 3000ºC with an inert gas. It effectively evaporates the catalyst particles from the carbon nanotubes and almost no metal is detected after heat treatment. Acid washing is mostly performed in thinner tubes to remove the catalysts and the unreacted the major substrates is the quartz substrate, [7] [8] [9] and metal particles are deposited either by Another way is to use ceramic particles such as Al2O3, MgO, 10) and zeolites ( 
Controlling Growth
As the demand in the market grew, the need for various kinds of carbon nanotubes grew as well. There are so many parameters involved in the synthesis of carbon nanotubes; the size of the catalyst particle is just one of them, but is considered to be playing the major role in the CVD process along with the carbon source. As briefly mentioned before, the control over the diameter of the catalyst particle is the key factor in controlling the diameter and number of layers of the tube.
If the diameter of the catalyst remains small, the diameter of the synthesized tubes generally becomes small accordingly. Therefore, if we can control catalyst particle size, we can nearly control the diameter of the tube. There are many ways to grow fibrous carbon, and the number of ways to control catalyst size is increasing, as the importance became broadly recognized among researchers.
A widely applied method is to use a substrate and place the catalyst particles on it.
There are many variations depending on the choice of substrate and the way of controlling the substrate or float in the atmosphere. Since the CCVD uses the metal catalyst, the growth of the tube starts from the metal particle.
Therefore, the particle size of the metal catalyst determines the size of the tubes. The growth mechanism is expected to be the same as that of the single-and double-walled nanotube case, except the case of multiple-layer growth.
The purification process is required to obtain the best part of the synthesized nanotubes. When we say carbon nanotubes, we imagine the perfect tubular structure.
However, it is not what we always obtain when we synthesize the tubes via the CCVD (and other) process. Therefore, we need to ��� ��� ��� ��� somehow select the tubes that are as ideal as possible, from the obtained material. The purification process is usually a repetition of a two-step process. The first step is acid reflux, and the second step is annealing. Acid reflux is usually performed using HNO3, H2SO4, or HCl, which washes the metal catalysts and impurity carbons. Annealing is performed in oxygen or in some inert gases to burn the defective tubes and carbon particles (Fig. 6 ).
After repeating these steps several times, the purity of the tubes become high enough, so that it becomes difficult to find the trace of other carbon impurities by Raman spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
We have to note that it does not mean that they are perfect or homogeneous tubes. In the purification of double walled carbon nanotubes, annealing is used to burn single walled carbon nanotubes, which are more unstable than double-walled nanotubes, and therefore burn faster than the double-wall nanotubes.
Applications of Various Types of Carbon Nanotubes
Depending on the size and morphology 
Electrochemical system

Lithium-ion battery
The outstanding mechanical properties and the high surface-to-volume ratio (due to their small diameter) make carbon nanotubes potentially useful as an anode material [12] [13] [14] [15] [16] [17] or as an additive 18) in lithium-ion battery systems. 
Additives to electrodes of lead-acid batteries
In order to increase the conductivity of of an electrode without additive (Fig. 8) . 
Electric double-layer capacitor
The advantage of the electric doublelayer capacitor (EDLC) is considered to be its high discharge rate, 19) thus making it applicable as a hybrid energy source for electric vehicles and portable electric devices. Fig.9 . HRTEM image of highly dispersed Pt nanoparticles deposited on both outer and inner surfaces of shortened stacked-cone nanotubes/nanotubes.
nm
annealing. Pt particle deposition is always homogenous, and can be controlled selectively on the outer or inner core using the hydrophobic nature of the material (see Fig.   9 ). Since the level of Pt particle activity on the fibers is high, this material could find applications as efficient catalysts and in biological devices. It is anticipated that carbon nanotube technology will contribute to the development of fuel cells, as a catalyst support, and also as a main component as bipolar systems.
However, additional basic and applied research is necessary.
Multifunctional fillers in polymer composite
It has been shown that carbon nanotubes could behave as the ultimate one-dimensional material with remarkable mechanical properties. 29, 30) The density-based modulus and strength of highly crystalline SWNTs are 19 nanotubes/nanofibers in the polymer should be uniform within the matrix.
The smallest working composite gear has been prepared by mixing nanotubes into molten nylon and then injecting into a tiny mold. As shown in Fig. 11 , the diameter of this gear is as small as that of human hair. This piece exhibits high mechanical strength, high abrasion resistance and also good electrical and thermal conductivity. 
Medical applications
The high-purity multi-walled carbon Fig. 12(d) ].
Anti-thrombogenicity and low blood coagulation of nanotube-filled nanocomposites-derived microcatheter
We utilized adult beagle dogs (9 -11kg) for thrombus formation in vivo. The bilateral femoral and common carotid arteries, with the length of approximately 5cm, were exposed surgically. These arteries were taped to avoid bleeding during the replacement of the nanotube-filled microcatheter to be tested, which was inserted into the artery at an angle of approximately 45º from proximal to distal sites. A detailed experimental procedure was published in our previous study. 41) We observed cross sections of the 
Biocompatibility of nanotube-filled nanocomposites-derived microcatheter
We observed very similar levels of CD4 
Conclusions
In In his Ph. D. works, he developed the structural, synthetic research as well as physical properties analysis, mainly on multi-walled carbon nanotubes. He showed that they had a tubular structure of graphite layers grown by ultra-fine iron particle by catalytic process, and developed to mass production process. This catalytic CVD process has been used as an industrially available mass production method, both substrate and floating catalyst processes. Present CCVD process has been expecting to grow the wide range of carbon nanotubes by controlling the growth site as well as their nanostructure.
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